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The conception of the heating of the chromosphere
by compressional waves, originating in regioas of turbulence
connected with the convective sone of the Sua, ie developed.
It is shown that in the chromosphere a balance can be reached
between the energy, produced as s result of the dissipation of
shock waves, and the energy carried away by radiation. The
shock waves provide for the appearance in the chromosphere
of regions with different temperatures (a two-temperature
chromosphere).

It is shown that the dissipation of magnetohydrodynamic
waves, because of losses due to friction, camnot provide
sufficient energy.

The lowering of the chromosphere above spots is ex-
plained. The value of the density gradient in the chromos-
phere is discussed. An attempt is made to form a gemeral
idea on the chromosphere and on its generation.

The whole structure of the chromosphere is determined
mainly by the value of the snergy flux in acoustic noises,
generated by turbulence produced in the convective zsome of
the Sun.
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Receatly much work was published devoted to the structure of the
chromosphere and the possible ways of its heating. Many of them in some
measure supplement and extend each other, and at the preseat time on the
basis of this work one can attempt to put together for oneself several
general ideas on the chromosphere. In the present work an attempt will
be made to create such a scheme on the basis of ideas of the energy balance
in the chromosphere. In 1948 Biermaan {1)] and Schwarzschild (2] put for-
ward the supposition that the kinetic energy of granulation in some way (say,
in the form of sound waves) reaches the corona and heats it to high tempera-
tures. It appears that granulation corresponds to enormous quantities of
energy and even small portions of it in a condition make up for the loss of
radiation in the chromosphere and the corona through radiation. Schatzman [3]
showed that when a granule rises turbulence must appear, giving rise, in
its turn, to compressional waves, gquickly being changed into shock waves by
spreading upwards. On the basis of the theory of dissipation of shock waves,
worked out by Brinkley and Kirkwood (4] was carried out the computation of
the dissipation of shock waves and it was shown in particular, that in the
lower corona the shock waves must dissipate entirely, since there the length
of the free path becomes equal to the length of the wave (distance between fronts).
On the other hand, the conductivity of the corona is so great, that equilibrium
is established by a very small gradient of temperature over all layers, where
there is the highest possible energy discharge. In 1955 Unno and Kawabata [5]
investigated in detail the process of formation of compressional waves -
accoustical noise, capable of heating the chromosphere and the corona. They
made use of the theory of aerodynamic generation of sound waves (noise)
developed by Proudman [6] and Lighthill {7] , and the model of convective
zones, suggested by Viten-ell] . They concluded that the flux of energy
upwards is approximately 10%- 105 crgnlcmz per sec, and that this flux is
proportional to the 8th power of the adopted value of turbulent velocity, so
that the increase of the latter by one and one-half times will call forth an
increase of greater than 25 times in the estimated magnitude of the flux.

The turbulent velocity adopted in [5] is equal to 8% of the convection velocity,
which is possibly underestimated by several percent (see [9]), as for example,
a value of 11% of convection velocity gives a flow 10 - 15 times greater.

In 1656 Piddington [10] noted that the passage.of sound waves in conditions
of a highly conducting medium in the presence of magnetic fields must give
rise to a spreading of magneto-hydrodynamic waves, the dissipation of which
could explain the heating-up of the chromosphere. Piddington gave the
formula for estimation of dissipation of magneto-hydrodynamic waves by
means of so-called frictional loss. ‘

In recent years more than once the consideration has been stated that in
the chromosgphere hot and cold regions must co-exist {11 -14}. Not long
ago Athay and Menzel [15], on the basis of observational material of the
eclipse of 1952, constructed a model of such a two-temperature chromos-
phere. Athay and Thomas [16] theoretically showed the neceseity for the
existence of regions with different temperatures, thus, up to a certain
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height 1egions with iow temperatures (6300°) predominate, and above-
region® with high temperatures (19000°).

Within each region the temperature changes little with height. The
establishment of one or another temperature is conditioned by the balance
between the escaping energy and the cooling mechanism; jumps in temp-
erature are connected with the transition from cooling due to radiation of
hydrogen to cooling by radiation of helium, which is effectively smaller
for other temperatures. e

Schklovsky and Kononovich [17] . seeking to tie in the data of optical
cbservations with observations in radio bands, given in (18], showed that
the values for temperatures must be decreased to values of 6000° and
12000° accordingly. We considered the possibility of formation of regions
with different temperatures due to accoustical waves for an atmosphere of
pure hydrogen.

The work was based on the following ideas. Beneath the photosphere,
in the convective zone of the sun, part of the energy of the directed motion
of convective elements is converted into energy of non-directed turbulent
motion. In a turbulently moving medium chaotic scattered condensation and
rarefaction continuously occur. The rise of the latter is accompanied by
the formation of compressional waves, which, because of the chactic
character of this same turbulent motion, bear an i rregular character,
generating accoustical noise. These waves pass through the photosphare,
virtually not being absorbed in it. The velocity of magneto-hydrodynamic
waves in regions of formations of compressional waves, apparently, is
considerably lesas than the speed of sound, so that thee jection of energy
from turbulent tones, connected with convection, must occur on the whole
because of sound waves. As waves spreading upwards become shock waves,
geps arise in them [Zl] . The velocity of magneto-hydrodynamic waves
increases with height far faster than the velocity of sound waves, and at a
certain height becomes equal to it. In the chromosphere the absorption of
waves increases; the part of the flux of energy transferable by waves is
converted into heat. One of the problems of the present work is to clear
up by what method the greatest quantities of heat are discharged; by dis-
sipation of sound waves because of viscosity, through dissipation combined
with non-adiabatic compression of gas by passage of shock waves of weak
intensity, or by dissipation of magneto-hydrodynamic waves arising due to
diffusion of compressional waves. Discharge of energy due to Joule heat
is very slight; 1 considered the loss of magneto-hydrodynamic waves as
due to collisions. This loss was great only where the ionisation of gas was
very slight.

The heating of the chromosphere, connected with passage of waves,
competes with its cooling by radiation. The problem consists of clearing
up whether by dissipation of waves in the chromosphere such quantities of
energy can be discharged sufficient to cover the expeanditure of energy in
radiation. It is supposed that the flux of energy is continuous in time, and
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=t ever; moment of trme the radiation is equal. For the answer to this
question it is neceseary, first of all, to ascertain what radiation causes
cooling in one or another layer of the chromosphere. On the whole the
calculations of the present work are concerned with the lower chromosphere.

Eve:y section of the chromosphere is in a field of radiation extending
from abcve and from below. For those sections for which the optical
thickness is very great, the quantity of energy absorbed in & certain volume
must be equal to the quantity of radiated emergy. For example, the radiation
in tines of the Lyman series in thia sense cannot originate from the lower
chtomosphere, since the absorption coefficient for these lines is on the
order of 10~15¢m?2, and even at heights where the concentration of non-
jonized atome of hydrogen is 1010cm-3 the optical thickness reaches a total
of uniiy in less than 1 km. Leaving the chromosphere the flux of Lyman-a
radiatior. cools higher layers of the chromosphere, on the whole. In the
lower chromosphere the cooling agent can only be Balmer radiation, since,
starting with some not very great height, the chromosphere is practically
transparent. We show, for example, that the chromosphere is transparent
in the ceatex of line Ha up to the height of 1000 km. For this it is sufficient
to avail oneself of the formula (usual notation}:

2 .2
YA RSP - 2kT . q T- \Nd‘
Y0 mecZ Anp ¥’ Ahp FMY - an Svg ) Nadl

Indeed, we assume that the ternperature in lower layers of the chromosphere is
roughly equatl to 6000°, and that the quantity of atoms of hydrogen at the

second level can be calculated by Boltzmann's formula (the optical thickness

in Lyman-a is very great - hence such an assumption seems quite acceptable).
Then N, = 3- 10'9N0 and S, (Hajggpo* = 6- 10-13. According to data on density
of the chromosphere, reduced in [25] , we can estimate that a column of
section 1 cm? above the level of 1000 km in the chromosphere contains less
than 4- 1020 hydrogen atoms, so that o0

11000 ke (Hg) = 31077 6-10713 % Nodi<1.8-10"2}. 4-10%% <,
1000 km

from whach it follows that above 1000 km the chromosphere can be considered
a» iransparent for radiation in Ha. *
[ 4 .

We bave assumed that radiation in Ha gives a sufficiently good notion on
the cooling of the layers considered in the chromosphere. This is, to be sure,
a first approximation, but the data of the investigation permits us to introduce
corrections to it, where required. **

* One must keep in mind that only true absorption of Ha-quanta hinders the
cooling of the chromosphere. .

** Radiation of the chromosphere in line Call - the strongest metallic line -
has the same order of values as radiation in Ha (see for example 27, 33 ).
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For the construction of a general model of the chromosphere there
is no irnmediate necessity to work from precise values of density at given
heights. It is important to have the correct relationship of the extent of
ionization, kinetic temperature, etc. to density, and (to have) the approximate
relationship of density to height. Only a later theory of the chromosphere
will explain the value of the density gradient and its change in relation to
height and timé. Hence, later on we will study the relationship of various
processes to density and not to height in the chromosphere.

By simple reasoning it ia possible to show that, for the calculation
of ionization and density of population of lower levels of hydrogen atoms,
we can use the formula of Saha and Boltzmann. The fact is that according
to nearly all models, the temperature in the lower chromospheres is on the
ordaer of 6000°, the bordering temperatures on the sun are ~4500°; and
since, for ionizing radiation (continuum beyond the limits of the Lyman
series) and for the first lines in the Liyman series giving rise to the excitation
of atoms, the chromosphere possesses great optical thickness, that field
of radiation is near to the value corresponding to the intensity of radiation
of a black body with temperatures of 5000° - 6000°. Under these conditions
ionizatior by electrical shock plays an insignificant part.

Further on we will need the value of the extent of ionization of hydrogen
and its radiation in Ha. According to Saha's formula the value will be
calculated

y=-n1 and x = /B : (1)
Ry np+n 0 ’
(np - number of protons, and n; - number of neutral hydroscn atoms in 1 ecm3)
for various concentrations from 5- 10!3 to 5- 108 atoms/em3 and for temper-
atures from 4400 to 7000°. It was assumed that at these heights ng=n,,.
The results of the calculations are shown in Figure 1. According to the
data radiation in Ha per 1 gr hydrogen was calculated:
nn

! 1 -
E:Anh'nzhvwe kT . (2)

which for convenience was presented in the form
v' — -B
E = 71 ® ' (3)
© It was assumed that the number of atoms in 3 through m levels could
be computed by Boltzmann's formula. The necessary constants are taken
from [20]. The calculation was carried out for the same values of density
and temperature as above. The results are shown in Table 1.

In order to compare what waves give greater output of energy by dis-
sipation in the chromosphere we calculated and compared the coeffici.ats
of dissipation for magneto-hydrodynamic waves and for weak shock waves,
and we calculated also the damping coefficient for compressional waves due
to viscosity. The flux of energy in waves in{5] was assumed to equal
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F= 104 erge:s cm<Zsec. This same value can be obtained if one procseds
from the dala on the thermal radiation of the corona [2] and from the
assumption that all of this energy originally is supplied by compressional
waves {accoustical noise). Taking into account, however, that the flux

of energy, as will be apparent further on, is several times weaker in the
chromosphere, we assume the value F = 5- lO"‘ergu/cm sec. According to
independent calculations of Schatzmann [3) and Unno and Kawabata [5) one
assumes that v.ave frequency w= 0 6 sec-}.

For the damping coefficient of magneto -hydrodynamic waves we used
Piddington's [10] formula:

@ 'C z
Kmh ZVHS(Hz)’i
{4)
~i:Wa -1, -.—-:-~-
where S=~i;w= 0.6 sec"!; 2z y Vy-= :-/z——-—

_3 i 116 a2
T, = zTi.Ti~4 w7z, ©:2.3:10°° em®,

- kT
v =vV3 ¢, c:\/ My (c- speed of sound, because of the great role of

radiation. speed of sound is supposedly isothermic), p =NmH. and i =

In the usual designation H is taken as ~20 grams. Finally, taking iutol tx
consgiderzation {1} we have
le-x - 1 D
;{mh=m";§‘m D= 1.3-10 14, {5)
Table 1
E, ersn/gr- sec
) N
R 5-1012 | 5-101! | 5-10'% | 5.109 | 5-10°
4800°  2.23.108 2 22-108 2.21-10% 2 15-10% 2 00-108
5000 7.35-108 7.34-10% 7.20-10% 6.85 108 5. 84 108
5200 2.00-109 1.98-109 1.92-109 1.75-109 1.31-109
5400 5.40- 109 5.30-109 5.01-109 4.20-109 2.5%-10°
5600 1 32-10!%  1.29-10!0 1 17-10!0 8.93-109 3.96 109
5800  3.32-10!0  3.06-10!0 2 621010 1.5 1010 ,6. 20109
6000  7.06-10}0  6.56-1010 5 20-10!0 2.59-1010 5 41-109
6200 1.40-101} 1 24-1011 g.54 1010 3 02-10)0 4 s7-107
6400  2.74-10'1 2 30-101! 1.36 1011 3.57-1010 4 46 109
6600  5.26-1011  3.97-1011 1 76 1011 3.17-1010 3 s5¢-109
6800 8.98-1011 6. 06-1011 2 231011 3.03 1010 3 35.109
7000  1.53-1012  g.92-1011 2.30-10!! 2.86'1010 2 92109
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ar¢ the dissipation of energy per 1 gr

o 1l-x 1 DF
Emh-(l+x)'/: x% p% Th (6)

vwhere F is the flux of energy in waves, and ¢ is the density of the substance.

The damping of sound waves due to viscosity may be calculated with the
aid of the coefficient K ;¢ LZl] :

K (7)

i~ .
vis P:TV‘

1 -
where 7 is the dynamir coefficient of viscosity. Since v = 3 2 nim;ve\ 4
where \; is the average length of free path of i-particles, equal to

1016 for collilionn with neutral atoms (N is the common number of particles
N, - 1013 |
in 1 cm”) and for collision of ions k T the§
((l-xno“’ . x-1o‘3\)
cp .

N N

) .
= 7 (8)
P

The lowest poasibie value M = 7%- -N- 1013. which corresponds to

x=1, i.e., complete ionization. In the lower chromosphere, where in (8)
we can ignore the second term, we have according to (7):

2~ B -17,
Kyis = 75 X PT s, 3-10 19
<1l-x GF : ‘
Bvis ™ T o271 S

The expression for the damping coefficient for faint shock waves is easily
obtained from the formula for changes in entropy at the front of weak shock -
waves (30] . Changes in entropy by passage of a front of a shock wave,
calculated for 1 gr of matter works out as:

as= 15 T'(;?)s (P1-p2)” - 1

Together with the adiabatic curve of Poisson le' = const, V --:, . this
gives, for a weak shock wave, a heating by the passage of the front of

1 ¥+l vapd 1 (¥4 ypAvV3
h=TAS = - {3 7 —p2b * - i V2 (12)

In a 1 cm path of the wave dW =ph, where W is the entire energy in the shock
wave. The coefficient of absorption is the value K from the ratio
dw 3 dF

K:-_‘_v.z-..w-z--i‘.—. (13)
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We asrome that
W, = pgulUty = Foto. ‘ (14)

where U is the velocity of the front, u is the velocity of the substance behind
the front, and tj is the *ime interval characterizing the steepness of the tront
{Fig. 6).

Connidering that t, chtrsctcrizel the quasi-period of the wave: Utg=).
Taking into account that P £C, where c is the speed of sound, we have

¥+1 ;ZAv3

h = (15)
12 vé

From the term p (U - u) = pyU we compiute AV/V and finalty, a‘ubltiqﬁng
(13) and {14} in {13} we obtain th‘ " which for tg = 10 and ¥ = 5/3

"Z"'
gives the expression
‘ 1. u- 1 F% ‘
Ken * 35 2" 35 Sipn (16)

where u is the velocity of the movement of matter inwave NU=c. An
analogous expression is used in (3}. We can write

1 MF %
Ksh (l+x)5¢: Ph qu ,.‘7731? ‘ (17

whence

E. .__L MmMph
sh™ (T+x)% p% TW

(18)

The flux of energy with height changes when

F= (\["0-'1’“‘) | | (19)

and E, ‘i, can be reprelcntcd conveniently for the cal-

Vaiues Emh vis
ergl/cm sec):

“culation in the form {F =5-10

1xzszloZ6[1]"*_ 200
Emh =% T NE (1ex)
1-x 9.4-1035
Evil=‘+x TNE ; (21)
5.5-103l[ 1 'r'v
E =
sh T%N*. 1 +x ) (22)

. P
Values of E, computed by this formula, for various densities and temp-
o tratures are given in Table 2.

For comparison of the importance of various mechanisms of dissipation
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ui enexgy, ccefficients K 1. K,y and Kg, were computed on the supposition
that F = 104 ergs/cm2anc (Fig. 2), for various values of N, temperature

T = 6000° and ionizatior as determined according to Figure 1. In Figure 2

it is appzrent that dissipation of magneto-hydrodynamic waves can play an
appreciable role only in the very bottom of the chromosphere, but that due

to great density, the dizcharge of energy perl gr, and consequently the heating,
is very small, We have no basis to assume that hydrogen remains almost
totally non-ionized up to a considerable height. In addition, one must keep

ir; mind that, as B. E. Stepanov has pointed out, the value K., obtained
according to Piddington's formula is much higher. If, aside from the value
K, the exit of energy depends further on the correlation of the velocity of
shock and magneto-hydrodynamic waves, then the discharge of energy in the
lower chromosphere L), stays less than Eg), since Vi ¢ is small.

'in the chromosphere Kgp and K,;, are on the order of 108 cm-!; this
means that throughout the chromosphere the flux of energy changes in all by
several timeeg, i.e., formulas (6), (10) and (18) can be used. .

The balance of eniergy in the chromosphere must be provided for by the -

equality of energy emitted by dissipation of wave E and the energy carried off
by radiation § . o

Table 2

Eg ergs/gr: sec

-
T 1 51012 5-1011 s-1010 | .5.109 5-108°
5000° 1.17-10%  3.66-109  1.14-10!1 3.40-1012 g.31.1013
6000 . 8.97-107 2.61-107  6.77-1010 1.58-1012 4. 09-1013
7000  5.94-107 1.41-109  3.48-1010 1.03-1012 3 29-10!3

En ergslg‘xh sec
5000° 3.38-107 4.46-108  5.85-107 7.40-1010 g 35.101!
6000  4.02-10% 4.95-107  5.30-10% 4.02:109 1.84-1010
7000 6.50-10° 5.45-106  2.84-107 2.80-10® 2 18-108
Evie’ ergs/gr- sec
5000° 7.50-106 7.45.108  7.20-1010 6.50-10}2 4.88-10!3
6000 5.90-10% 5.10-10%  3.47-10!0 1.35.1012 2 38-1013
7000  3.38-10% 1.56-108  3.30-109 5.45-1010 2 ¢s- 101!
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In ¥igurs 3 we have plotted the dependence of Ha on the vatue N -
the comcentration of hydrogen atoms and ione in 1 em3 for various possible
temperature values, and also the dependence of thesze same parameters for
quantities of energy emitted by dissipation of shock waves. Curve E hardly
changes with temperature, but for each value of N it intersects with the
curve for § , of rome corresponding temperature

From the drawing Figure 3 one can determine at what temperature at
a given height (for a given density) it is possible to assume a balance of
energy. From this drawing it is apparent that, atarting with some height,
whatever the value of temperature of the hydrogen radiation, no condition
provides a balance between emitted energy and energy carried off. According
to [16] this irdicates that, for a given flux of energy, the radiation of hydrogen
.cannot provide a balance, and that here a leap in temperature must occur, to
that value at which some other mechanism of cooling, - for example, the
radiation of ionized helium (temperature on the order of 12000 - 19000° i) -
entere into operation. For a nearly invariable flux of energy, starting at
some height, the temperature in the chromosphere must increase sharply.
In other words, this can be expressed: above some level in the chromosphere
hot regions must predominate; below some level, cold regions must pre-
dominate.

It is necessary to note that in hot regions the optical thickness of lines
of the Lyman series remains great to a considerable height [23]. With the
aid of drawing Figure 3 we can determine the dependence between the con-
centration of hydrogen atoms and temperature for lower portions of the
chromosphere. This dependence is given in Figure 4. The data of Figure 4
can be used (with the aid of Figure 1) in order to find the dependence of the
degree of ionization of hydrogen x on the concentration. This dependence is
given in Figure 1 - thick line. It is apparent that the path of ionization with
density ie rather abrupt. The results obtained agree well with the results
of Wooley and Allen [24] who also obtained an abrupt path of ionization, although
half jonization was obtained for the same value and same temperature as ours.

We can make an attempt to explain the existence of hot regions below the
level where this transition takes place by the natural decrease of density
with height. The superimposing of waves, the fluctuation of flux of energy
can lead to an increase in the flux of energy in some regions. Assuming that
at a given level the gas pressure is a fixed value, we must assume that value
N will change inversely proportionally to T, since p»(1+x)NkT. Hence
according to formula (22) the discharge of energy must be proportional to
T™ . For each value of density there is a value of temperature close to
which the slope of the curves for § becomes less than 1/4. This means that
if, for this density, by a sudden increase in temperature a stated critical
value is reached, then the increase of temperature will continue until a new
mechanism of cooling, providing sufficiently effective rejection of heat, will
be effective. In other words, for a given density, as soon as that value of
temperature is reached where radiation depends on temperature to an exteat
les: than 1/4, a jump in temperature must occur at a level lower tham that
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sgitog o Jecrease of density with height for a similar case. Sudden
sozrearse in the flux of energy in any region can be very important. The
decrease of the ilux leads to the reverse formation of cold regions. Of
conrsc, a change in flux or a sudden change in t¢ nperature can result in the
formation of hot regions o: ly in the cases wher: .hese changes are sizable
suoujir €0 that they cannot be compensated for by the change in hydvogen
radiz:ion. 7Thus, the same hot regions prove to he dynamic formations,

the life-time of which is not very great.’

‘I'he thinning of the obrerved chroriosphere above spots, mentioned by
Mistel 11 and Krat [31] can be explained also. Really, if, in regions of
a1 gnetic fizlds, total pressure equal to the sum of magnetic H/8w» and
z0reous {1+ x} NkT pressure must be equal to gaseous preesure from the
w.tsice, and the teraperature in the yegion of the magnelic field (for example
raove a epot; and outs.de of it are th: same, then equilibtrium is possible
mly whew the density in the regions with magnetic fields ic less than in
adjacent regions. And the drcrease of density, as was shown above, leads
1o an increase in the output of energy and consequently to the formation of
ko' regions ai compav atively lower heights. Consequently we propose to
caiculate the poseibl: contrast betwoen hot and cold regions which must be
observe: in Hla and compare this witl: the observed contrast between dark
and bright details of the chromosphe:ic layers of ‘nonperturbed regions on
the solax disk. The question of refiertion of accoustic waves in the chromos -
phere is studied in [3] . One can conslder that accoustic waves experience
reflection only at the edgee of a region of a jump in temperature. In the case
considered. the fiux changes only by u factor of two, not changing on the
order of magnitude, since according o Schatzmann the flux of energy changees
inversely praportiorally to the square of the speed of sound, i.e., propor-
t anally to ths ratio of temperature. [For magneto-hydrodynamic waves the
reflection in the chromosphere is insignificant {10] . :

Ir. the same lower portions of the chromosphere the temperature,

apparently, ig less than 5000°. The eriergy radiated in these regions can

"be discharged by the already-mentioned dissipation of magneto-hydrodynamic
waver, and is yielded because of heat cornductivity. Continvous emission
emitted from these layers arises chiefly because of the formation of

regative hydrogen ions. It is necessarv to keep in mind that vart of the
raciatior, in the continuous spectrum can be explained simply Ly scattering

of photoepheric radiation, i.e., not all the radiation emitted frcm these
luyers resuite in cooling them.

_ For upper. hot, and completely lonized layers of the chromosphere

the comparison of Egp with the calculation for radiation of ionized helium,
made in [16] shows that because of compressionr waves a sufficient quintity
of energy ic cmitted. :

" :
The formation of hot or cold regions can be conracted with the fluctuation
of density at a given height.
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One can attempt to estimate roughly at what height break-off points
appear in sound waves, and at what height these breaak-off points become
so great that it is impossible to consider them faint.

A profile of a sound wave is shown on the upper p.rtios of Figure 7.
Point B moves in a stationary sys tem of coordinates with the speed of
sound wave ¢, and point A moves with speed u+c. The velocity of point
A relative to point B is equal to u. Roughly, we can consider that the
break.off point occurs when the situation is fulfilled that is represented in
the lowver portion of the figure, i.e., when A advances relative to point B
by a distance \/4. At this time, equal to say, t, the wave advances a
distance L. Thus

t:k:i—’:;x;cto;ua E .
e u . V,c
Conseaquently,

choh k% %

o - 4
L-.:;%— =25 Fi mHW N

Assuming T=5 103 and F = 104 we obtain L=5N "1, Thus, in the same
lower portions of the chromosphere where N = 1014, L~5.107, i.e., for
the whole length of a 500 km path the sound wave crosses the shock wave.

The formula for shock waves of weak intensity cannot be used if u> c.
If 2 becomes several times greater than unity, the shock wave must be con-
sidered as strong; it, as {s known, fades more sharply than a shock wave of
weak intensity.

The value u=zc is attained for density O , determined from the ratio

o, :
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For higher layers of the chromosphere Tz 2* 104 50 that the break-off point
becomes large at N> 1010, i e., the above leap in temperature.

Since at heights where N= 1010 ¢he density in the chromosphere changes
very slowly with height, then u must be several times greater than ¢ at
rather great heights. Hence ths examination carried out in the present work
can be shown to be correct for great heights. It is possible that magnetic
fields also retard the formation of strong break-off points.

We investigate the question of the dependence of density on height. For

layera with constant temperature gradients the density must be, in the case
of T =5000° and & non-ionized medium (lower chromosphere),

- -10~9
By =gk _.ﬁl(.m—.-«s.ss 10°8, (23
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and for the case T = 19000° and full ionization f,=0.87- 10-8cm-1,

In connection with the fact that with the increase of height the relative
quantity of hot regions is increased, one must note the smooth transition
of gradient values of density § from large values to smaller ones. In
Figure 5 is shown the observed trend of densities accordh'g to the data of
Van de Hulst [25] drawn through the gradients of 6.56' 10-8 and 0. 57-10-8.
For cold regions of the chromosphere the theoretical dependence of density
on height (dotted line on Figure 5) is constructed with the aid of Figure 4
and numerical integration of the equation of hydrostatic equilibrium:

N2
hz-hl=%(l+x)g N an. (24)
N)

[ ]

From the initial point, the value N=1013-4 at height h=1000 km is
assumed [25] . As should have been expected, this dependence falle more
steeply than the observed curve, which fact is connected, as shown above,
with the increase of relative quantity of hot regions with height.

It is necessary to take into account a possible supporting of the chromos-
phere conditioned by sound waves.

In this case the equation of hydrostatic equilibrium has the form
dp+d(pu’) = pg dh, (25)

where u 3(5'{;) - is the speed of a substance in a sound wave. Spectroscopically
this value is the same as the turbulent velocity; giving rise to broadening of
lines. The question of turbulence in the chromosphere has been investigated
by A. B. Severny[28] and, with regard to sound waves, by Unno and

Kawabata [5] . One should note only that the turbulent velocity observed

by us spectroscopically is not equal to u (if u is the speed of a substance
immediately in front of the wave}, but is the averaged value, averaged
according to time and direction, i.e., it must be several times less than u

. [3]. The value u increases sharply with height because of a decrease in

density P and reaches 10 cm/sec.

The second term of the right-hand part of equation (25) can be written as

| d({-} ch: - fdc . (26)
Then
d 1d4F F de
a{#:-d—h-.;z--d-i-:Pg. (2D

g

We equate the separate terms of the left-hand part of this equation:
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i.e., at any place in the lower chromosphere dp/dh > 1010 Consequently,
the damping of sound waves in the lower chromosphere does not give rise to
appreciable change of density gradients. Im the upper portion of the chromos-
phere the supporting by sound waves is important, apparently, especially in
the regions of jumps in temperature (term -~ i ).

The question of the spreading of shock waves in the presence of magnetic
fields, and of their dissipation in the presence of magnetic fields must be
considered separately. Estimates made show, however, that the preseace of
magnetic fields in non-perturbed chromosphere does not change in an essential
way the results obtained in the given work.

Some corroboration of the assumption made in the present work can be
obtained if we compare the observed output of energy in Ha [27, 29] with
that which must be observed according to our calculations. For example,
we obtained, at a height of 1500 km, the value T= 5200°, and emission in
Ha, by calculation for 1 gr of substance, is (Table 1):

§ 2 2109 erge/gr- sec. (28)

Absolute photometry of chromospheric lines, done by Vyasanitsin (27, 29
gives, for full emission in Ha at height h=1500 km, the values lg§ (k) =15.5
and gradient g- 10-8,

Solving Abell's equation [ 26] we can obtain emission of 1 cm3 at a height
1500 km as:
E(h)p3%

o~ 5-10"3 ergs/cm3sec,
Z'R@

Jh) =

which, in conversion to 1 gr (the concentration of hydrogen atoms at this
height is N =12. 0 given according to Figure 5), gives

E=3 107 ergs/gr- sec. (29)

" Value (29) is found to be in quite good agreement with va ue (28).

Summarizing all we have said before, and omitting details, we can
draw up the following schematic presentation of the structure of the chromos-
phere and of the causes of its formation. We visuslise the sun, poseessing
neither convective zones, nor chromosphere, nor corona. If, at some
moment, convection begins, then inevitably the chromosphere and the corona
must emerge, which is precisely what is, indeed, observed. Indeed, in the
upper portions of the convection sonss, as a result of dispersion of convective
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cells, turbuleat motiom begins, which in its turn gives rise to the formatioan

of compressions and rarefactions, and comsequently to generation of sound
waves. In the photospheric layers these waves do aot experience dissipation,
and are spread upwards. Upom rising, the waves are changed very quickly
into weak shock waves. As soon as the density becomes sufficiently small the
waves dissipate and the energy discharged provides an increase in temperature
that, in its turn, decreases the density gradient. The warming-up and
decrease of density gradient will proceed until an instability occurs in the
temperature and density at which is achieved a balance between the energy
diecharged and the energy carried off. Such a balance is provided at various
heights by various emission mechanisms. In the lower layers there is the
radiation of hydrogen; in the upper layers there is the radiation of ionized
helium; and finally, in the corona there are the radiation of highly-ionized
atoms of various metals, the re-combinative radiation of hydrogen and ionized
helium, and "evaporation" of particles from the corona{32). The greatest
discharge of energy takes place in the corona, where, in connection with the
decrease in density and rise in temperature, the free path of particles becomes
equal to the length of the sound wave (the distance between fronts for shock
waves). At this height the compression waves dissipate completely, and in
sthe higher layers the temperature of the corona is maintained only because

of heat conductivity. Thus the corona is heated not by the chromosphere,

as some authors consider, but directly.* Furthermore, a part of the energy
discharged in the corona passes into the upper chromosphere.

If the idea stated here is corract then all of the structure of the chromos-
phere and corona is conditioned, on the whole, by the value of only one
parameter - the value of the flux of energy carried by sound (shock) waves.
The details of the structure depend, of course, on the frequency of waves.
on the value of the intensity of waves, etc. The value of flux of energy, F,
is used here, and values obtained for the chromosphere are, of course, only
tuntative. Available data on the mechanisms of cooling of the chromosphere,
of the coefficients of absorption, of the flux of energy, etc., can be used for
the creation of a general schematic representatinn of the chromosphere, but
& model of the chromosphere can be constructed only on the basis of direct
observations.

In conclusion I express my thanks to corresponding member of the
Academy of Science,USSR, A. B. Severny for hie useful discussions of the
manuscript.

August 1958.

* Editor's note. Apropos of this see also the article by Parker (Parker,
Ap. J., 128, 677, 1958).
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Captions for Figures

Ionization of hydrogen at various temperatures and concentrations,
according to Saha's formula. The dark line shows the assumed
path of ionization in the chromosphere.

Comparison of coefficients of dissipation.

Comparison of energy carried off by emission of hydrogen in Ha
(curve § ) and dissipation of energy by shock waves (curve E).

Relation of temperature and concentration of hydrogen in cold
regions of the low2r chromosphere.

Dependence of density on height in the chromosphere. Continuocus
line - data of Van de H Ist [25] , dotted line - calculations of the
present work for cold regions of the chromosphere. Drawn
straight to gradients corresponding to f =6. 56 and 0.57.

Form of shock wave. t; - time interval between passage of fronts.

Propagation of sound waves in shock waves.
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